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ABSTRACT The thermal insulation properties of nano-porous thermal insulating materials largely depend on thermal transport via gas
phase within their pores and this process relies on their pore structures. Therefore investigating pore structures and thermal transport
via gas phase is important to understand the heat transfer mechanism. Current research mainly focuses on the theoretical calculation and
analysis from the perspective of heat transfer and special and systematic studies based on actual materials have not been reported yet.

In addition accurate analysis of pore structures using usual techniques is difficult due to the complex pore network and the poor me—
chanical properties of their solid skeleton. In this study nano—-porous thermal insulating materials with different pore structures were
synthesized via a sol—gel process followed by supercritical drying. The materials were then characterized by thermal conductivity tester

nitrogen adsorption—desorption and helium pycnometer. The pore structures of the resulting materials were obtained and the relation—
ship between pore structures and thermal transport via gas phase was studied. Results show that the bimodal distribution of pores in the
resulting materials corresponding to gas-contributed thermal conductivity. All pores within the resulting materials can be equivalent to
pores with a single diameter when the equivalent size of large pores is 10 times less than that of small pores. Similar to the pure gaseous
thermal conductivity the intrinsic gas-contributed thermal conductivity including gas—solid coupling effects rises with increasing pore

diameter of the materials. The ratio of intrinsic gas—contributed thermal conductivity to pure gaseous thermal conductivity is 2.0 1.5
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and 2. 0—1. 5 for pores smaller than 200nm larger than 500nm and with size between 200 and 500 nm respectively. When the equiv—
alent size of large pores is 10 times less than that of small pores or when the equivalent size of large pores is 100—1000 times that of
small pores and the contribution of large pores to the total porosity is less than 10% the gas-contributed thermal conductivity reduction
of the resulting material with decreasing gas pressure can be divided into three stages ( steep decreasing stage slow decreasing stage
and hardly changing stage) according to decreasing rate. When the equivalent size of large pores is 3000 times larger than that of small
pores the gas-contributed thermal conductivity reduction of the resulting material with decreasing gas pressure can be divided into four
stages ( steep decreasing stage slow decreasing stage steep decreasing stage and hardly changing stage) even if the contribution of
large pores to the total porosity is very low ( less than 10%) .

KEY WORDS nano-porous thermal insulating materials; gas-contributed thermal conductivity; gaseous thermal conductivity, pore

structure; equivalent pore diameter

= ( TEOS) . ( MeOH) . ( EtOH) . ( HCI) .
( NH;+H,0) ( AcH) ;
( TBOT) ; ( H,0) ;
4 ~7 pm 6 mm.
’ 1.2

TMOS.TEOS  TBOT

50% e _

- 10 1

— TMOS

Gl. TMOS.MeOH H,0
10 min NH,+H,0 20 min
12—16 .
3%.

. - TEOS

5 G2.G3.G4.G5 G9.  TEOS.EtOH.
' HCl  H,0 1h  TEOS
’ 24h  TEOS NH, *H,0
10 min
17 Pirard 1820 3% .
G3
G6.G7  G8. : G3
6h G6.G7  G8.

— TBOT

. G10.  H,0 EtOH
A AcH EtOH

B
B A B
2 min
1 4.8%.
1.1 EtOH 74d

( TMOS) . EtOH



. 790 - 41 6
1
Table 1 Synthesis condition of nano-porous thermal insulating materials
/( mmolL ")
HCl AcH NH, *H,0
Gl n TMOS :n MeOH :n H,0 =1:8:4 — — 10. 80
G2 n TEOS :n EtOH :n H,0 =1:7:4 5.88 — 22.10
G3 n TEOS :n EtOH :n H,0 =1:7:3 0. 80 — 2.00
G4 n TEOS :n EtOH :n H,0 =1:7:3 0. 80 — 5.00
G5 n TEOS :n EtOH :n H,0 =1:7:3 0. 80 — 10. 00
G6 n TEOS :n EtOH :n H,0 =1:7:3 0. 80 — 2.00
G7 n TEOS :n EtOH :n H,0 =1:7:3 0. 80 — 2.00
G8 n TEOS :n EtOH :n H,0 =1:7:3 0. 80 — 2.00
G9 n TEOS :n EtOH :n H,0 =1:3.5:3 0. 80 — 20. 00
G10 n TBOT :n EtOH :n H,0 =1:5:4 — 2.80 —
250 °C 8 MPa 3 C 2 h; 0.02
h EtOH mm 0.01¢g
150 °C
1.3
(HC—074—304 EKO Japan 2
+1% +0.5%)
260 mm x 260 mm X 25 mm,; 2.1
N, ( Autosorb 1Q 2
Quantachrome Instruments America) 77 K p P, N
150 C Dy S - N
10 h ( 1 O
BJH ; V.D,6 ¢ N N
( Pycnometer 1000  Quantachrome
America) 150 e
2
Table 2 Physical properties of nano-porous thermal insulating materials
ol p./ v/ Vi / Sou! kol k=
(geem™) (geem™) /% (emPg™") (emPeg!) @/% (nPeg”') (Wem 'eK-1) Do/nm  Dyy/nm D /nm Dy-c D
Gl 0.212 2.0759  89.79 4.24 3.87 91. 38 798 0. 00660 21 14 2000 143
G2 0.203 2.0830  90.25 4.45 4.25 95.59 913 0. 00843 20 27 10000 370
G3 0.203 2.0041  89.87 4.43 3.48 78. 61 341 0.01199 52 61 300 5
G4 0.193 1.9875  90.29 4.68 3.50 74.82 215 0.01389 88 59 300 5
G5 0. 194 1.9773  90.19 4.65 0. 65 13.98 87 0. 01908 216 93 300 3
G6 0.269 2.0041  86.58 3.22 3.03 94. 14 337 0. 00955 39 58 300 5
G7 0.364 2.0041 81.84 2.25 2.20 97.85 330 0.00784 28 38 200000 5263
G8 0.419 2.0041  79.09 1. 89 1.75 92.71 355 0. 00729 22 27 200000 7407
G9 0.344 1.9280 82.16 2.39 0.95 39.78 48 0. 02008 206 104 300 3
G10  0.369 3.5883 89.72 2.43 1.42 58. 40 51 0. 02345 193 106 700 7
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Fig.1 Pore diameter distribution of nano-porous thermal insulating materials
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Fig.2 Measured and calculated gas-contributed thermal conductivity of nano-porous thermal insulating materials: (a) G1; (b) G2; (c¢) G3; (d)

G4; (e) G5; () G6; (g G7; (h) G8; (i) G9; (j) Gl0O
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Table 3 Gas—ontributed thermal conductivity of nano—-porous thermal insulating materials

B em oK ! S em oK~
ky_ /(Wem LK) By J(Wem™ K h

ky_ /(Wem™'-K™")

B P T | 1S P R |
P /(Wem™'eK™") KB /(Wem™leK™1)

Gl 0. 00297 0. 00363 — 0. 03837 0. 00442
G2 0.00148 0. 00695 — 0.03719 0. 00806
G3 0. 00465 0. 00734 0.01334 0.02419 0.01039
G4 0. 00447 0. 00942 0.01538 0. 01966 0.0139%4
G5 0. 01540 0. 00368 0.02116 0.01985 0. 02919
G6 0.00137 0.00818 0.01103 0. 02700 0. 01004
G7 0. 00067 0.00717 — 0. 03808 0. 00895
G8 0.00211 0.00518 — 0. 03660 0. 00706
G9 0. 01004 0. 01004 0. 02444 0. 02029 0. 03072
G10 0.01063 0.01282 0.02614 0.02848 0. 02447
1 1B 1S
3 SN SN 2 .
D, D,_ Dy 3
2. 0k! ( D=<200 nm)
20 ~ 3000 nm ky_.={(2.0~1.5)k, (200nnm <D <500 nnm)
20nm 3000 nm 1. 5k! ( D=500 nnm)
=1 (6) (10)
=1 (6)
200 nm 3
2
1.5 ( B)
3 91229
200 ~ 500 nm

2.0~1.5
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4
3
Fig.3  Relationship between intrinsic gas-contributed thermal con— Fig.4 Gas pressure dependence of intrinsic gas-contributed thermal
ductivity and pore diameter conductivity and knudsen number of a porous material with a single
pore diameter
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5 . (a) 500nm; (b) 5000nm; (c¢) 50000 nm; (d) 150000 nm; (e) 250000 nm;

() 350000 nm

Fig.5 Effect of large pores on intrinsic gas-contributed thermal conductivity of nano-porous thermal insulating materials: ( a) 500nm; ( b) 5000 nm;

(¢) 50000 nm; (d) 150000 nm; (e) 250000 nm; (f) 350000 nm
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